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HIGHLIGHTS 


►  The  effect  of  refluxed  graphene/aniline  particles  on  their  dispersibility  in  a  solution  is  studied. 

►  Catalytic  layers  consisting  of  graphene  and  polyaniline  are  prepared  for  counter  electrodes. 

►  A  DSSC  with  a  graphene/polyaniline  counter  electrode  delivers  a  remarkable  efficiency  of  7.17%. 
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A  nanocomposite  thin  film,  consisting  of  graphene  (GN)  and  polyaniline  (PANI)  (designated  as  GN/PANI) 
is  coated  as  a  catalytic  layer  on  an  FTO  glass  by  electro-polymerization  from  a  solution  containing  aniline 
(ANI)  monomers  and  GNs;  the  thus  coated  electrode  is  used  as  a  counter  electrode  (CE)  for  a  dye- 
sensitized  solar  cell  (DSSC).  Modification  of  the  surface  of  GNs  by  the  ANI  monomers  is  confirmed  by 
thermo-gravimetric  analysis  (TGA).  Fourier  transform  spectroscopy  (FTIR)  and  UV/Vis  absorption  spectra 
are  used  to  demonstrate  the  non-covalent  interactions  between  ANI  and  GN  in  the  GN/ANI  particles.  The 
effect  of  the  refluxing  process  on  the  dispersibility  of  GN/ANI  particles  in  an  aqueous  solution  is  studied. 
The  high  electro-catalytic  ability  of  GN/PANI-CE  is  established  through  cyclic  voltammetry  (CV)  and 
electrochemical  impedance  spectroscopy  (EIS).  The  short-circuit  current  density  (Jsc)  and  power- 
conversion  efficiency  {p)  of  the  DSSC  with  the  GN/PANI-CE  are  measured  to  be  16.28  mA  cm-2  and 
7.17%,  respectively,  while  the  corresponding  values  are  15.01  mA  cm-2  and  7.24%  for  a  DSSC  with  a  CE 
having  Pt  as  the  catalytic  material  (Pt-CE).  The  composite  film  of  GN/PANI  is  thus  established  to  be 
a  potential  catalyst  for  replacing  the  expensive,  conventional  Pt  in  a  DSSC. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  structure  of  a  dye-sensitized  solar  cell  (DSSC)  consists  of 
a  dye-adsorbed  nanocrystalline  Ti02  photoanode,  an  electrolyte, 
and  a  counter  electrode  (CE)  [1].  The  CE  is  a  crucial  component  for 
achieving  high  performance  for  a  DSSC.  A  thin  film  of  Pt  is  generally 
used  as  the  catalytic  layer  on  the  CE,  due  to  its  excellent  electro- 
catalytic  ability  and  high  conductivity.  The  thin  film  of  Pt  is  usually 
coated  on  a  transparent  conductive  oxide  glass,  e.g.,  indium-doped 
tin  oxide  (ITO)  or  fluorine-doped  tin  oxide  (FTO)  for  preparing  the 
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CE  of  a  DSSC.  As  Pt  is  very  expensive,  alternative  materials,  such  as 
carbon  materials  or  conducting  polymers,  have  been  extensively 
investigated  in  recent  years  as  the  catalytic  materials  for  the  CEs  of 
DSSCs.  Carbon  materials,  in  the  forms  of  carbon  nanotubes  (CNT)  [2], 
graphite  [3],  active  carbon  [4],  and  graphene  (GN)  [5-7],  have  been 
proposed  as  alternative  catalytic  materials  for  the  CEs  of  DSSCs, 
because  of  their  good  conductivities.  Among  them,  GN,  a  single¬ 
layer  material  of  sp2-bond-carbon  atoms  in  a  hexagonal  lattice, 
has  drawn  much  attention  for  its  engineering  applications.  GN  was 
noticed  to  have  some  unique  physicochemical  properties,  such  as 
high  surface  area,  excellent  thermal  conductivity,  strong  mechanical 
strength,  and  good  electric  conductivity  [8-10].  On  the  other  hand, 
conducting  polymers,  such  as  poly(3,4-ethylenedioxythiophene)- 
poly(  styrene  sulphonate)  (PEDOT:PSS)  [11,12],  poly(3,3-diethyl-3,4- 
dihydro-2H-thieno-[3,4-b]  [l,4]dioxepine)  (PProDOT-ET2)  [13], 
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polypyrrole  [14,15],  and  polyaniline  (PANI)  [16,17],  have  also  been 
incorporated  into  the  CEs  for  DSSCs.  Among  them,  PANI  is  consid¬ 
ered  to  be  an  important  electronic  conducting  polymer  due  to  its 
desirable  characteristics:  low  cost,  environmental  stability,  high 
degree  of  processability,  and  interesting  redox  properties  [18,19]. 

Composites  of  carbon  materials  and  conducting  polymers  have 
been  used  as  the  catalytic  layers  on  the  CEs  of  DSSCs  [20-23];  the 
superior  electro-catalytic  activity  and  conductivity  of  such  catalytic 
layers  render  high  performance  to  the  DSSCs.  In  this  study,  the 
composite  film  of  GN/PANI  was  coated  on  the  FTO  glass  by  electro¬ 
polymerization,  using  an  aqueous  solution  containing  GN  and 
aniline  (GN/ANI)  particles,  which  were  synthesized  via  a  reflux 
process.  The  importance  of  the  reflux  process  for  the  preparation  of 
the  particles  of  GN/ANI  was  discussed.  The  FTO  glass  coated  with 
the  composite  film  of  GN/PANI  was  used  as  the  CE  in  a  DSSC.  The 
physical  adsorption  of  ANI  monomers  onto  the  surface  of  GNs  via 
non-covalent  bonding  was  verified  by  thermo-gravimetric  analyzer 
(TGA).  High  resolution  transmission  electron  microscopy  (HR-TEM) 
was  used  to  demonstrate  the  shape  of  GN/ANI.  Selected  area  elec¬ 
tron  diffraction  (SAED)  pattern  was  used  to  detect  the  crystalline 
nature  of  the  GN/ANI  particle.  Ultraviolet/visible  (UV/Vis)  absorp¬ 
tion  and  Fourier- transform  infrared  (FTIR)  spectroscopy  were 
employed  to  verify  the  physical  adsorption  of  ANI  monomers  onto 
GNs.  Raman  analyses  and  scanning  electron  microscopy  (SEM) 
were  applied  to  confirm  successful  incorporation  of  GNs  in  the  GN/ 
PANI  composite  thin  film.  The  electro-catalytic  ability  of  the  CE 
with  GN/PANI  was  characterized  both  by  cyclic  voltammetry  (CV) 
and  electrochemical  impedance  spectroscopy  (EIS). 

2.  Experimental 

2  A.  Materials 

A  modified  Staudenmaier  method  was  used  to  obtain  graphite 
oxide  (GO)  from  graphite  [24];  the  thus  obtained  GO  was  then 
subjected  to  a  thermal  exfoliation  and  reduction  to  finally  obtain  the 
GN  [25].  ANI  monomers,  anhydrous  Lil,  I2,  acetonitrile  (AN),  and 
polyethylene  glycol)  (PEG,  M.W.  =  20,000  g  mol-1)  were  purchased 
from  Merck.  Hydrochloric  acid  (HC1,  37%),  ethanol  (EtOH,  ^95%), 
and  nitric  acid  (HNO3,  65%)  were  obtained  from  Sigma— Aldrich. 
Titanium(IV)  isopropoxide  (TTIP,  +98%),  4-tert-butylpyridine  (TBP, 
96%),  and  text- butanol  (tBuOH,  99.5%)  were  acquired  from  Acros.  3- 
methoxypropionitrile  (MPN,  99%)  was  obtained  from  Fluka.  1,2- 
dimethyl-3-propylimidazolium  iodide  (DMPII)  was  purchased 
from  Solaronix  S.  A.,  Aubonne,  Switzerland.  Chenodeoxycholic  acid 
(CDCA,  ^  95%),  Nation®,  and  valeronitrile  (99.5%)  were  from  Sigmal- 
Aldrich  Chemical  Company,  Inc.  Guanidinium  thiocyanate  (GuSCN, 
99%)  was  obtained  from  Acros.  Bis-(3, 3-dimethyl-butyl )-phosphinic 
acid  (DINHOP)  was  bought  from  Dyesol.  An  MF-Millipore  mixed 
cellulose  ester  membrane  (0.45  pm)  was  purchased  from  Millipore. 

2.2.  Reparation  of  the  counter  electrodes  with  pristine  polyaniline, 
pristine  graphene,  and  with  the  composite  film  of  graphene  and 
poly  aniline 

ANI  solutions  containing  different  amounts  of  GN  were  refluxed 
at  around  210  °C  for  3  h  to  prepare  the  particles  of  GN/ANI. 
Composite  films  of  GN/PANI  were  then  electro-polymerized  onto 
FTO  substrates  (surface  resistance  =  7  Q  sq-1,  Uni-Onward  Corp., 
Taipei,  Taiwan)  from  aqueous  solutions  containing  1.0  M  GN/ANI 
and  2.0  M  HC1,  by  applying  a  constant  potential  of  0.8  V  (vs.  Ag / 
AgCl/saturated  KCl).  The  electro-polymerization  was  stopped  when 
the  desired  amount  of  charge  was  passed.  The  as-prepared  FTO 
substrates  with  the  composite  films  of  GN/PANI  were  rinsed  with 


HC1  solution,  dried  under  air,  and  then  used  as  the  CEs  in  DSSCs.  The 
pristine  PANI  film  was  obtained  in  the  same  way  as  mentioned 
above.  Pristine  GN  (0.05  g)  and  0.5  mL  Nation®  were  added  to  5  mL 
EtOH,  and  this  solution  was  kept  under  sonication  in  a  VCX  500 
ultrasonicator  at  ambient  temperature  for  20  min.  The  pristine  GN 
film  was  prepared  from  the  resulted  GN  solution  by  drop-coating  it 
onto  an  FTO  substrate  at  ambient  temperature. 

2.3.  Preparation  of  Ti02  nanocrystalline  film  and  fabrication  of  the 
DSSC 

For  obtaining  Ti02,  72  mL  of  TTIP  was  added  to  430  mL  of  0.1  M 
HNO3.  The  hydrolyzed  Ti02  solution  was  then  stirred  and  heated  to 
88  °C  for  8  h  via  a  sol-gel  process.  After  cooling  the  solution  to  room 
temperature,  it  was  further  subjected  to  240  °C  in  an  autoclave  for 
12  h.  By  concentrating  the  autoclaved  solution  to  13  wt%,  a  paste 
consisting  of  nanocrystalline  Ti02  was  obtained.  To  prevent  the  film 
from  cracking  during  drying  and  to  control  the  pore  size  of  Ti02, 
30  wt%  PEG  with  respect  to  the  amount  of  Ti02  was  added  to  the  Ti02 
paste  [11  ].  This  Ti02  paste  was  then  coated  onto  the  FTO  by  a  doctor- 
blade  technique.  The  FTO  glass  with  the  Ti02  film  was  dried  at  room 
temperature  and  annealed  at  450  °Cfor30  min.  Another  Ti02  layer  of 
same  thickness  as  before  was  coated  on  the  obtained  Ti02  film,  and 
the  twice  coated  FTO  glass  was  dried  and  annealed  in  the  same  way. 
A  third  layer  containing  light  scattering  particles  of  Ti02  with  an 
average  particle  diameter  of 300  nm  was  further  coated  on  it  and  the 
thrice  coated  FTO  glass  was  dried  and  annealed  in  the  same  way.  The 
thrice  coated  Ti02  film  was  then  immersed  in  an  AN/ tBuOH  (v/v  =  1  / 
1)  solution  containing  0.3  mM  of  CYC-B11  [26],  10%  DMSO,  and 
75  pM  DIN-HOP  for  24  h,  and  its  projective  area  of  0.16  cm2  was 
controlled  by  a  mask.  This  dye-adsorbed  Ti02  photoanode  and  a  CE 
were  assembled  to  fabricate  the  DSSC.  A  gap  of  25  pm  was  fixed 
between  the  two  electrodes  by  using  a  tiny  Surlyn®  frame  (Solar¬ 
onix)  as  a  spacer.  An  electrolyte  containing  1.0  M  DMPII,  50  mM  Lil, 
30  mM  I2,  0.1  M  GuSCN,  and  0.5  M  TBP  in  AN/valeronitrile  was  then 
slowly  injected  through  a  hole  between  the  electrodes  by  a  capillary 
effect.  A  Pt-based  CE  (Pt-CE)  was  prepared  by  sputter-depositing  Pt 
onto  an  FTO  substrate,  by  using  a  Cressington  108  auto  Sputter 
Coater  (Cressington  Scientific  Instruments  Ltd.,  Watford,  UK);  the 
sputtering  was  performed  at  40  mA  for  130  s. 

2.4.  Instrumentation 

Thermo-gravimetric  analyzer  (TGA,  TGA- 7,  Perkin-Elmer)  was 
used  for  verifying  the  attachment  of  ANI  monomers  to  GNs;  for  this 
a  Philip  Tecnai  G2  LaB6  Gun  Transmission  Electron  Microscope  with 
a  Gatan  Dual  Vision  CCD  Camera  was  used,  operating  it  at  200  keV. 
An  UV/VIS/NIR  spectrophotometer  (V-570,  Jasco)  was  used  to 
analyze  the  effect  of  reflux  condensation  on  the  interactions 
between  GN  and  ANI  in  the  GN/ANI  particle,  and  to  analyze  the 
dispersing  behavior  of  particles  of  ANI/GN  in  an  aqueous  solution. 
FTIR  spectra  were  obtained  by  a  spectrum  100  PerkinElmer  FTIR 
spectrometer  (PerkinElmer,  Inc.).  The  particle  size  of  GN/ANI  in  the 
aqueous  solution  was  observed  by  zeta-potential  (Brookhaven 
Instruments  Corporation).  Surface  morphologies  of  the  CEs  were 
observed  by  scanning  electron  microscopy  (SEM,  Nova™  NanoSEM 
230).  Raman  spectra  were  recorded  by  a  Dimension-P2  Raman 
System  (Lamba  Solution,  Inc.).  A  CHI  model  900B  SECM  (CH  Instru¬ 
ments,  Austin,  TX)  was  employed  to  measure  the  electrochemical 
properties  of  the  composite  films.  The  DSSCs  were  illuminated  by 
a  class  A  quality  solar  simulator  (PEC-L11,  AM  1.5G,  Peccell  Tech¬ 
nologies,  Inc.),  and  the  incident  light  intensity  (100  mW  cm-2)  was 
calibrated  with  a  standard  silicon  cell  (PECSI01,  Peccell  Technologies, 
Inc.).  Photoelectrochemical  characteristics  of  the  DSSCs  and  their 
electrochemical  impedance  spectroscopic  (EIS)  spectra  were 
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recorded  with  a  potentiostat/galvanostat  (PGSTAT  30,  Autolab,  Eco- 
Chemie,  the  Netherlands). 

3.  Results  and  discussion 

3.1.  Preparation  of  aniline  (ANI)  modified  graphene  (GN) 

A  solution  containing  ANI  monomers  and  GNs  was  prepared 
first.  The  mixture  was  subjected  to  refluxing  at  210  °C  for  3  h.  The 
refluxed  solution  was  then  filtered  through  an  MF-Millipore  mixed 
cellulose  ester  membrane  to  obtain  a  composite  of  GN/ANI.  The 
TGA  traces  in  Fig.  1  show  that  the  mass  of  the  GN/ANI  particles 
starts  to  decrease  significantly  at  about  150  °C,  while  the  mass  of 
pristine  GN  remains  stable  up  to  500  °C.  The  loss  in  the  weight  of 
GN/ANI  can  be  ascribed  to  the  ANI  monomers.  This  phenomenon 
confirms  the  presence  of  ANI  in  the  GN/ANI  particles.  In  addition, 
the  obtained  GN/ANI  particles  were  observed  by  HR-TEM;  the  HR- 
TEM  image  in  Fig.  1  shows  that  the  GN/ANI  particles  are  flat  and 
transparent.  The  selected  area  electron  diffraction  (SAED)  pattern 
inserted  in  the  image  of  HR-TEM  of  the  GN/ANI  particles  shows  that 
the  GN/ANI  particles  are  crystalline  in  nature  and  possess  similar 
crystalline  pattern  as  that  of  graphite. 


3.2.  Dispersibility  of  GN/ANI  particles  in  an  aqueous  solution 

The  effect  of  the  refluxing  process  on  the  dispersibility  of  GN/ 
ANI  particles  in  an  aqueous  solution  was  studied.  For  comparative 
purpose,  other  GN/ANI  particles  were  synthesized  without  using 
a  reflux  process  (denoted  as  non-refluxed  GN/ANI  particles).  The 
non-re  fluxed  GN/ANI  particles  were  prepared  merely  by  mixing  the 
GNs  with  the  ANI  monomers,  without  heating  and  refluxing.  Fig.  2 
shows  the  FTIR  spectra  of  pristine  GN,  refluxed  GN/ANI  particles, 
and  non-refluxed  GN/ANI  particles.  Owing  to  the  presence  of  ANI  in 
the  GN/ANI  particles,  characteristic  bands  of  ANI  can  be  seen  in  the 
FTIR  spectra.  The  bands  centered  at  693,  754,  and  1499  cm-1  are 
due  to  the  aromatic  ring  bend,  aromatic  out-of-plane  C-H  bending, 
and  aromatic  ring  mode,  respectively  [27].  In  contrast,  the 
mentioned  bands  cannot  be  seen  in  the  spectrum  of  pristine  GN. 
Moreover,  the  intensities  of  these  bands  for  the  refluxed  GN/ANI 
particles  are  smaller  than  those  for  the  non-refluxed  GN/ANI 
particles.  This  may  be  due  to  the  restrictions  of  modes  of  vibrations 
in  ANI  by  some  interactive  forces  developed  between  GN  and  ANI 
[28].  In  addition,  the  UV/Vis  absorption  spectrum  of  refluxed 
particles  of  GN/ANI  is  exhibited  in  the  inset  of  Fig.  2.  An  absorption 
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Fig.  1.  TGA  traces  of  pristine  GN  and  GN/ANI  particles.  The  inset  shows  the  HR-TEM 
image  of  the  particles  of  GN/ANI  and  their  corresponding  SAED  pattern. 
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Fig.  2.  FTIR  spectra  of  pristine  GN,  refluxed  GN/ANI  particles,  and  non-refluxed  GN/ANI 
particles.  The  inset  shows  UV/Vis  absorption  spectrum  of  GN/ANI  particles. 


peak  centered  at  around  234  nm  corresponds  to  the  ANI  of  the 
refluxed  GN/ANI  particles.  The  results  of  UV/Vis  absorption  and 
FTIR  indicate  that  there  is  an  interactive  force  in  the  GN/ANI 
particles,  prepared  by  using  a  reflux  condensation. 

The  dispersibilities  of  refluxed  and  non-refluxed  GN/ANI  parti¬ 
cles  were  studied  by  UV/Vis  absorption  spectroscopy;  the  spectra 
were  obtained  at  550  nm  for  a  period  of  9  h  (Fig.  3a).  The 


Fig.  3.  (a)  UV/Vis  absorptions  (@550  nm)  of  refluxed  and  non-refluxed  GN/ANI 
particles,  as  functions  of  time;  the  inset  of  (a)  shows  their  actual  photographs,  (b)  Size 
distribution  of  refluxed  and  non-refluxed  GN/ANI  particles. 
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photographs  of  two  vials  consisting  of  refluxed  and  non-refluxed 
GN/ANI  particles  are  shown  in  the  inset  of  Fig.  3a.  The  absorbance 
(Abs)  of  0.14  for  the  refluxed  GN/ANI  particles  in  an  aqueous 
solution  is  higher  than  that  of  non-refluxed  GN/ANI  particles 
(Abs  =  0.09)  in  their  initial  stages,  indicating  a  good  dispersion  of 
the  refluxed  GN/ANI  particles.  The  dispersing  behavior  of  the 
refluxed  GN/ANI  particles  in  the  aqueous  solution  is  relatively 
steady  for  at  least  9  h,  while  it  is  rickety  for  the  same  period  in  the 
case  of  non-refluxed  GN/ANI  particles  (Fig.  3a).  This  may  be 
attributed  to  the  interactive  force  between  GN  and  ANI.  Under 
these  conditions,  the  ANI  can  serve  as  a  dispersant  for  the  refluxed 
GN/ANI  particles  in  an  aqueous  solution.  There  could  have  been  an 
easy  agglomeration  of  pristine  GN,  had  there  been  only  van  der 
Waals  force  in  the  case  of  non-refluxed  GN/ANI  particles.  Further¬ 
more,  the  average  size  of  refluxed  GN/ANI  particles  in  aqueous 
solution  (diameter  =  431.3  nm)  was  smaller  and  the  particles  were 
more  uniform,  compared  with  the  size  and  uniformity  of  non- 
refluxed  GN/ANI  particles  (diameter  =  786.5  nm)  (Fig.  3b).  In 
Fig.  3b,  the  sharp  slope  of  the  curve  of  the  refluxed  GN/ANI  particles 
indicates  the  uniformity  of  the  particle  size.  These  observations 
imply  that  there  is  an  interactive  force  between  GN  and  ANI  in  the 
case  of  refluxed  GN/ANI  particles. 

3.3.  Preparation  and  characterization  of  the  composite  film  of  GN/ 
PANI 

The  composite  thin  film  of  GN/PANI  was  coated  on  an  FTO 
substrate  by  electro-polymerization  from  a  HC1  solution  containing 
the  refluxed  GN/ANI  particles,  which  served  as  the  monomers.  The 
film  of  GN/PANI  was  then  observed  and  examined  by  SEM  and 
Raman  spectra  (Fig.  4).  Fig.  4a  shows  plane  view  SEM  image  of 
pristine  PANI  film;  the  film  has  fiber-like  aggregates  of  PANI.  In 
Fig.  4b,  the  composite  film  of  GN/PANI  exhibiting  that  the  fiber¬ 
shaped  PANI  is  covered  by  GNs.  On  the  other  hand,  a  thin  film  of 
GN/PANI  prepared  from  the  non-refluxed  GN/ANI  particles  through 
electro-polymerization  exhibits  the  same  surface  morphology  as 


that  of  pristine  GN  (SEM  not  shown),  suggesting  that  no  ANI 
monomers  were  attached  to  the  GNs  through  this  electro¬ 
polymerization.  Fig.  4c  shows  Raman  spectra  of  pristine  GN,  pris¬ 
tine  PANI,  and  the  composite  film  of  GN/PANI.  The  characteristic 
peaks  centered  at  around  1347  and  1578  cm-1  are  ascribed  to  D  and 
G  bands,  respectively,  for  the  composite  film  of  GN/PANI.  Thus,  the 
SEM  images  and  the  Raman  spectra  have  confirmed  the  successful 
incorporation  of  GNs  in  the  electro-polymerized  composite  film  of 
GN/PANI. 

3.4.  Photovoltaic  performances  of  the  DSSCs  with  various  CEs 

CEs  were  prepared  with  GN/PANI  by  electro-polymerization,  by 
adding  specific  percentage  of  GN  to  prepare  the  GN/ANI  particles 
(0.02,  0.05,  0.10,  and  0.20  wt%)  and  also  by  applying  different 
charge  capacities  (20,  40,  60,  and  80  mC  cm-2);  Fig.  5  shows  the 
power-conversion  efficiencies  {p)  of  the  DSSCs  fabricated  using 
such  CEs.  Each  value  of  p  is  an  average  of  three  measurements. 
Fig.  5a  shows  that  the  optimal  weight  percentage  of  GNs  to  be  used 
for  preparing  the  particles  of  GN/ANI  (for  using  in  the  refluxing 
solution)  is  0.05  wt%;  Fig.  5b  shows  that  the  optimal  charge 
capacity  for  depositing  the  film  of  GN/PANI  for  a  CE  is  40  mC  cm-2. 
At  a  low  charge  capacity  (20  mC  cm-2),  the  FTO  substrate  is  not 
expected  to  be  fully  covered  with  a  layer  of  GN/PANI,  which  may 
decrease  the  fill  factor  (FF)  of  the  corresponding  DSSC.  At  higher 
charge  capacities  (60,  and  80  mC  cm-2),  the  internal  resistances  of 
the  films  for  electron  transfer  are  expected  to  increase.  At  a  charge 
capacity  of  40  mC  cm-2,  the  DSSC  with  0.05  wt%  of  GN  shows  the 
highest  efficiency  of  7.17%  (Table  1);  this  implies  that  the  corre¬ 
sponding  composite  film  of  GN/PANI  has  the  largest  active  surface 
area  at  this  concentration  of  GNs. 

Photocurrent  density-voltage  ( J— V)  characteristics  of  the  DSSCs 
with  CEs  with  the  films  of  GN/PANI  (GN/PANI-CE,  40  mC  cm  2, 
0.05  wt%  GN),  pristine  PANI  (PANI-CE),  pristine  GN  (GN-CE),  and 
sputtered  Pt  (Pt-CE)  are  shown  in  Fig.  6.  Their  corresponding 
photovoltaic  parameters  are  summarized  in  Table  1.  The  short- 


Fig.  4.  Plane  view  SEM  images  of  films  of  (a)  pristine  PANI  and  (b)  GN/PANI,  both  prepared  by  electro-polymerization,  (c)  Raman  spectra  of  films  of  GN/PANI,  pristine  GN,  and 
pristine  PANI. 
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GN  content  (wt%)  Charge  capacity  (mC  cm'2) 

Fig.  5.  Power-conversion  efficiencies  (77)  of  the  DSSCs  as  the  functions  of  (a)  GN 
content  for  preparing  the  particles  of  GN/ANI  (for  using  in  the  refluxing  solution)  and 
(b)  charge  capacity  used  for  the  electro-polymerization  of  the  composite  film  of  GN/ 
PANI. 

circuit  current  density  C/sc)  (16.28  mA  cm-2),  FF( 0.67),  and  77  (7.17%) 
of  the  DSSC  with  the  catalytic  film  of  GN/PANI  are  much  higher  than 
those  of  the  DSSCs  with  the  catalytic  films  of  pristine  PANI 
C Isc  =  14.68  mA  cm-2,  FF  =  0.63,  and  77  =  6.27%)  and  pristine  GN 
C /sc  =  14.79  mA  cm-2,  FF  =  0.50,  and  7)  =  4.54%).  Compared  with  the 
case  of  the  DSSC  with  the  PANI-CE,  such  enhancements  in  favor  of 
the  cell  with  GN/PANI-CE  are  clearly  due  to  the  presence  of  GN  in 
the  composite  film  of  GN/PANI,  which  can  provide  larger  surface 
area  for  the  composite  film  for  the  reduction  of  I3  ions;  this 
observation  is  in  accordance  with  the  SEM  images  in  Fig.  4  a  and  b; 
that  is  to  say  that  a  larger  surface  area  leads  to  a  higher  electro- 
catalytic  ability  and  thereby  to  a  higher  Jsc  and  higher  7).  On  the 
other  hand,  the  enhanced  performance  of  the  DSSC  with  GN/PANI- 
CE,  compared  with  that  of  the  DSSC  with  pristine  GN-CE,  is  due  to 
higher  electro-catalytic  ability  of  the  CE  with  GN/PANI  than  that  of 
the  CE  with  pristine  GN  for  the  reduction  of  I3  ions;  this  higher 
electro-catalytic  ability  is  demonstrated  through  CV  analysis  in 
further  discussion.  It  is  well-known  that  higher  electro-catalytic 
ability  of  a  CE  leads  to  higher  Jsg  which  in  this  case  has  led  to 
enhanced  performance  of  the  cell  with  GN/PANI-CE.  Although  the 
Jsc  of  the  DSSC  with  GN/PANI-CE  (16.28  mA  cm-2)  is  much  higher 
than  that  of  the  cell  with  bare  Pt-CE  (15.01  mA  cm-2),  the  77  of  the 
DSSC  with  GN/PANI-CE  (7.17%)  is  just  close  to  the  77  of  cell  using  Pt- 
CE  (7.24%);  this  is  obviously  to  be  attributed  to  the  higher  values  of 
FFand  open-circuit  voltage  ( Voc)  in  favor  of  the  cell  with  Pt.  Pt  being 
a  metal  is  expected  to  have  higher  electronic  conductivity  than  that 
of  GN/PANI;  this  higher  electronic  conductivity  leads  to  a  lower 
charge  transfer  resistance  at  its  surface  and  thereby  to  a  higher  FF 
for  the  cell  with  Pt-CE.  It  can  be  seen  in  further  discussions  through 
CV  that  the  CE  with  Pt  has  a  higher  electro-catalytic  ability  than  that 
of  the  CE  with  GN/PANI;  this  higher  electro-catalytic  ability  of  the 
CE  with  Pt  implies  faster  reduction  of  I3  ions  at  its  surface,  which 
means  a  reduction  of  recombination  between  conduction  band 


Table  1 

Photovoltaic  parameters  of  the  DSSCs  with  CEs  with  the  films  of  GN/PANI 
(40  mC  cm-2,  0.05  wt%  GN),  pristine  PANI,  pristine  GN,  and  sputtered  Pt,  at 
100  mW  cm-2  illumination.  These  performance  parameters  are  also  related  to  the 
peak  separation  (£p)  and  interfacial  charge-transfer  resistance  ( Rct )  of  these  films. 


Catalytic  CE  films 
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u 

£ 

Jsc(mAcm  2) 

FF 

V(%) 

FP  (mV) 

Rct  (Q  cm2) 
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0.67 
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0.67 

7.17 
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0.64 
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0.68 

14.68 
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6.27 

270 

0.72 

GN 

0.60 

14.79 

0.50 

4.54 

325 

1.46 

Pt 

0.69 

15.01 

0.70 

7.24 

186 

0.22 

Cell  voltage  (V) 


Fig.  6.  Photocurrent  density-voltage  ( J-V)  characteristics  of  the  DSSCs  with  CEs  with 
the  films  of  GN/PANI  (40  mC  cm-2,  0.05  wt%  GN),  pristine  PANI,  pristine  GN,  and 
sputtered  Pt,  at  100  mW  cm-2  illumination. 


electrons  and  I3  ions,  and  thereby  a  higher  V0c  in  favor  of  the  cell 
with  Pt-CE.  The  relatively  porous  morphology  of  GN/PANI  film  (see 
Fig.  4b),  with  reference  to  the  dense  surface  morphology  of  Pt,  can 
hinder  the  charge  transfer  at  the  film  of  GN/PANI,  and  this  charge 
transfer  resistance  may  be  a  reason  for  the  smaller  FF( 0.67)  in  the 
case  of  the  cell  with  GN/PANI-CE,  compared  to  that  of  the  cell  with 
Pt-CE.  (0.70);  it  is  demonstrated  through  EIS  in  further  discussion 
that  the  interfacial  charge-transfer  resistance  (Fct)  is  0.64  O  cm2  in 
the  case  of  GN/PANI  film,  while  it  is  0.22  Q  cm2  in  the  case  of  Pt  film 
(Table  1). 

3.5.  Electro-catalytic  abilities  of  various  CEs  by  CV  and  EIS 

An  Ag/Ag+  electrode  and  a  Pt  foil  were  used  as  the  reference  and 
the  counter  electrode,  respectively,  for  subsequent  CV  analyses.  CV 
curves  were  obtained  in  an  AN-based  electrolyte,  containing  0.01  M 
Lil,  1.0  mM  I2,  and  0.1  M  LiCICU,  at  a  scan  rate  of  50  mV  s-1  to 
estimate  the  electro-catalytic  abilities  of  CEs  with  various  films.  In 
Fig.  7a,  each  CV  curve  shows  an  anodic  peak  current  density  (/pa) 
and  a  cathodic  peak  current  density  (Jpc),  corresponding  to  the 
oxidation  of  I-  ions  and  the  reduction  of  I3  ions,  respectively.  The 
electrochemical  reaction  at  the  interface  of  a  catalytic  film  and  its 
electrolyte  in  a  DSSC  is  represented  as  follows: 

I3  +  2e-  — >3I-  (1) 

Based  on  the  magnitude  of  Jpc,  the  electro-catalytic  ability  of  the 
CE  with  GN/PANI  is  lesser  than  that  of  the  CE  with  sputtered  Pt 
(Fig.  7a).  In  addition,  the  higher  electro-catalytic  ability  of  the  CE 
with  Pt  is  found  to  be  in  consistency  with  its  lower  peak  separation 
(Fp)  of  186  mV,  with  reference  to  that  of  the  CE  with  GN/PANI 
(Fp  =  206  mV,  Fig.  7a  and  Table  1 ).  This  decreased  value  of  Fp  indi¬ 
cates  that  the  charge  transfer  kinetics  of  the  redox  reaction  of  \~l\3 
ions  at  the  CE  with  Pt  are  faster  than  those  at  the  CE  with  GN/PANI. 

The  electro-catalytic  properties  of  these  films  were  also  studied 
by  EIS,  as  shown  in  Fig.  7b.  EIS  spectra  were  obtained  for  CEs  with 
different  catalytic  films,  using  in  each  case  a  symmetric  cell  con¬ 
taining  two  identical  counter  electrodes.  The  geometrical  surface 
area  of  each  film  was  fixed  to  be  1.0  cm2.  The  distance  between  the 
electrodes  of  the  symmetric  cell  was  fixed  to  be  25  pm  by  using 
a  tiny  Surlyn®  frame.  For  the  preparation  of  the  film  of  GN/PANI  or 
PANI,  in  the  case  of  a  symmetric  cell,  the  pattern  was  controlled  to 
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Fig.  7.  (a)  CV  curves  of  CEs  with  GN/PANI,  pristine  PANI,  pristine  GN,  and  sputtered  Pt;  (b)  EIS  spectra  of  these  CEs. 


have  the  size  of  1.0  cm2  on  the  surface  of  the  FTO  glass,  using  a  non¬ 
conducting  Surlyn®.  That  is,  the  residual  area  of  the  FTO  glass  was 
covered  with  Surlyn®.  Thus,  the  formation  of  these  films  through 
electro-polymerizing  occurred  only  on  the  conducting  surface  area 
of  1.0  cm2  of  the  FTO  glass.  In  addition,  the  electrolyte  used  was  the 
same  as  that  in  a  DSSC.  A  frequency  range  of  40  kFIz-100  FIz  was 
used  to  estimate  the  interfacial  charge-transfer  resistance  (Rct)  in 
a  cell.  The  value  of  Rct  for  a  symmetric  cell  is  half  of  the  value  of 
diameter  (on  the  X-axis)  of  its  corresponding  semicircle  (Fig.  7b). 
The  values  of  Rct  for  various  films  are  summarized  in  Table  1.  The 
lowest  value  of  Rc t  =  0.22  0  cm2  in  the  case  of  sputtered  Pt  (Table  1 ) 
is  in  accordance  with  its  highest  electro-catalytic  ability 
(see  Fig.  7a).  The  Rct  values  follow  the  trend:  sputtered  Pt 
(0.22  Q  cm2)  <  GN/PANI  composite  film  (0.64  Q  cm2)  <  pristine 
PANI  (0.72  Q  cm2)  <  pristine  GN  (1.46  Q  cm2);  this  trend  is  in 
consistency  with  the  corresponding  electro-catalytic  abilities  and 
peak  separations  (see  Fig.  7a  and  Table  1).  It  is  thus  confirmed  that 
the  composite  film  of  GN/PANI  has  a  higher  electro-catalytic  ability 
than  those  of  pristine  PANI  film  and  pristine  GN  film.  The  t/  of  the 
DSSCs  are  in  consistency  with  the  electro-catalytic  abilities  of  their 
CEs  (see  the  cathodic  peaks  in  Fig.  7a)  and  also  with  the  charge 
transfer  resistance  and  peak  separation  of  the  CEs  (see  Table  1). 

The  above  results  suggest  that  the  composite  film  of  GN/PANI  is 
a  potential  alternative  to  the  conventional,  expensive  Pt  film  for 
a  DSSC. 

4.  Conclusions 

A  composite  of  GN/ANI  was  obtained  from  a  solution  of  ANI 
monomer  and  GN  by  refluxing  the  solution.  According  to  UV/Vis 
absorption  spectra,  the  dispersions  and  stabilities  of  refluxed  GN/ 
ANI  particles  are  higher  than  those  of  non-refluxed  GN/ANI  particles 
in  aqueous  solution.  FTIR  spectra  show  a  stronger  interaction 
between  ANI  and  GN  in  the  case  of  refluxed  particles  of  GN/ANI,  than 
that  in  the  case  of  non-refluxed  particles  of  GN/ANI.  Composite  thin 
films  of  GN/PANI  were  successfully  deposited  on  FTO  substrates  by 
electro-polymerization.  Raman  spectra  and  SEM  images  have 
confirmed  the  formation  of  the  composite  film  of  GN/PANI  on  the 
FTO  substrate  from  the  refluxed  GN/ANI  particles.  The  composite 
thin  film  of  GN/PANI  derived  from  the  GN/ANI  particles  exhibited 
higher  surface  area,  with  reference  to  that  of  the  film  of  pristine 
PANI.  The  optimal  percentage  of  GN  to  be  used  for  preparing  the 
particles  of  GN/ANI  (for  using  in  the  refluxing  solution)  is  0.05  wt%, 
and  the  optimal  charge  capacity  for  depositing  the  film  of  GN /ANI  for 
a  CE  is  40  mC  cm-2.  Fligher  Jsc  and  lower  FF  were  obtained  for  the 
DSSC  with  GN /PANI-CE,  as  compared  with  those  of  the  DSSC  with  Pt- 
CE.  The  DSSC  with  GN/PANI-CE  (40  mC  crrT2)  shows  an  tj  of  7.17%, 
which  is  comparable  to  that  of  a  DSSC  with  Pt-CE  ( ri  =  1.24%).  The 


composite  film  of  GN/PANI  has  a  higher  electro-catalytic  ability  than 
those  of  pristine  PANI  film  and  pristine  GN  film,  however  a  lower 
electro-catalytic  ability  than  that  of  sputtered  Pt  film.  The  above 
results  suggest  that  the  composite  film  of  GN/PANI  is  a  potential 
alternative  to  the  conventional,  expensive  Pt  film  for  a  DSSC. 
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